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Abstract 
We investigate the quantum transport properties of surface electrons on a topological 
insulator Bi2Te3 nanowire in a magnetotransport study. Although the nanowires are 
synthesized by using a relatively coarse method of electrochemical deposition, clear 
AharonovBohm oscillations of phases 0 and  are observed, owing to the highly coherent 
surface electron channel. The oscillation amplitude exhibits exponential temperature 
dependence, suggesting that the phase coherence length L is inversely proportional to the 
temperature, as in quasi-ballistic systems. In addition, a weak antilocalization analysis on the 
surface channel by using a one-dimensional localization theory, enabled by successful 
extraction of the surface contribution from the magnetoconductance data, is provided in 
support of the temperature dependence of L. 
1. Introduction 
Topological insulators (TIs) exhibit a novel gapless spin-resolved edge (or surface) 
electronic state[1-2] that is located within the bulk insulating energy gap, with 
spinmomentum locking due to a strong spinorbit interaction. The TI system is highly 
promising not only for fundamental studies on topological nature in condensed matter physics, 
but also for potential applications in future information technologies such as topological 
quantum computing and spintronics.[1-4] A two-dimensional (2D) topological insulating state 
was theoretically predicted for HgTe quantum well structures,[3] and experimentally verified 
by using a transport study.[5] Later, Bi1-xSbx alloys were determined to be three-dimensional 
(3D) TIs[4] with a topological surface state (TSS) by an angle-resolved photoemission 
spectroscopy (ARPES) study.[6] Recently, additional materials, such as Bi2Se3, Bi2Te3, and 
Sb2Te3, have also been identified as 3D TIs, of which the surfaces have single Dirac cone 
band structures protected by time-reversal symmetry.[7-9] In addition, the existence of a spin-
helical state, in which the electron spin is aligned parallel to the surface and normal to the 
momentum, has been verified from spin-resolved ARPES studies.[8, 10] 
TIs may sustain highly coherent charge- and spin-transport by virtue of the 
spinmomentum helical locking and the protection from backscattering by time reversal 
symmetry in the TSS; hence, they can constitute an attractive platform for spintronic device 
applications. Further progress in developing TI-based applications needs to be preceded by 
experimental studies on their electrical transport characteristics for determining the surface 
state properties. However, the contribution from the residual bulk carriers due to material 
imperfection makes it difficult to isolate the genuine transport properties of the TSS. This 
issue has been tackled with methods such as tuning the Fermi level to the bulk band gap by 
chemical doping[11-13] or external gate control,[14-15] and by using nanostructures of TIs, 
which cause the surface state contribution to dominate the charge transport, owing to the 
large surface-to-volume ratio.[16-18]  
Conduction electrons in the TSS of TIs exhibit strong quantum interference effects. Weak 
antilocalization (WAL)[19] occurs in TIs as a result of a strong spin-orbit interaction, which 
is known to disturb the weak localization effect caused by constructive interference between 
time-reversed electron paths in diffusive media. Analyses of magnetoconductance (MC) data 
for WAL have been performed to investigate the phase coherence and spinorbit interaction 
of conduction electrons in one-dimensional (1D) TI nanostructures.[16-18] AharonovBohm 
(AB) conductance oscillations, characterized by the oscillation period of a single flux 
quantum 0 = h/e, have also been observed for TI nanoribbons and nanowires.[20-23] The 
AB oscillations in mesoscopic ring geometry are usually explained by the interference 
between partial waves encircling the magnetic flux enclosed by the electron paths. However, 
the AB oscillations from surface electrons in nanoribbons or nanowires under axial magnetic 
fields can be understood more properly in terms of the formation of 1D subbands, quantized 
along the circumference (with integer indices n) and modulated by the magnetic flux  
threading the cross-sectional area of the quasi-1D nanostructure.[24-27] The dispersion 
relation for the 1D subbands in the TSS of TIs, as a function of the momentum k along the 
nanowire, is as follows:[25, 27] 
2
2
0
F
p
1 2
( , , )
2
nk
E n k hv
L
 

 
  
  
   
   
,   (1) 
where h is the Planck constant, Lp is the perimeter length, and vF is the Fermi velocity that is 
assumed to be the same in both the azimuthal and axial directions. Electronic phase 
coherence is especially important for this 1D subband picture to hold, because the model 
explicitly relies on the existence of well-defined quantum eigenstates. Another important 
point is that the conductance maxima due to the AB oscillations can occur either for integer 
flux quanta ( = 0, 0, 20, …) or for half-integer flux quanta ( = 1/20, 3/20, …), 
depending on the location of the Fermi level and disorder strength in the nanowire.[26-27] 
In this work, we have observed the phase-coherent quantum interference effects in 
magnetoconductance (MC) of devices made of Bi2Te3 single nanowires grown by using 
electrochemical deposition. The AB oscillations exhibiting both of the possible phases were 
clearly observed under magnetic fields parallel to the nanowire axis, verifying the existence 
of a highly coherent surface electron channel. The oscillation amplitude was found to 
decrease almost exponentially with increase in temperature T, implying that the phase 
coherence length L is inversely proportional to T. This suggests that the surface electron 
channel is in the quasi-ballistic regime. After carefully extracting the surface contribution 
from the MC measured in perpendicular magnetic fields, a WAL analysis was performed 
using a 1D localization theory. Our results demonstrate that the diameter-controlled Bi2Te3 
nanowires, although synthesized by using a relatively coarse method of electrochemical 
deposition, exhibit a highly coherent surface electron channel that is essential for possible 
next-generation TI-based information technologies. 
2. Experiments 
Bi2Te3 nanowires were grown by electrochemical deposition by using porous anodic 
aluminum oxide membrane nanotemplates.[28] The cylindrical nanowires had a typical 
diameter and length of ~60 nm and 810 μm, respectively (Fig. 1(a)). Figure 1(b) is a 
scanning electron microscopy (SEM) image of the Bi2Te3 nanowires taken after removal of 
the AAO template. High-resolution transmission electron microscopy (HRTEM) and selected 
area electron diffraction (SAED) images show that the nanowires grow as single crystals in 
the [110] direction, normal to the c-axis (Fig. 1(c)). It is evidently shown that the nanowire is 
covered by a ~5-nm-thick native oxide layer, making the actual diameter of the nanowire 
conducting part ~50 nm. The X-ray diffraction (XRD) measurements on the nanowire array 
generate a strong peak from the (110) planes (Supplementary data Fig. S1), implying that the 
nanowires have a highly textured structure along the [110] direction, in accordance with the 
HRTEM result. For device fabrication, the nanowires were deposited onto highly p-doped 
silicon substrates, covered by a 300-nm-thick oxide layer. Metal (Pt or Ni) electrodes with a 
thickness of 100 nm are patterned by using standard electron beam lithography and electron 
beam evaporation to connect the nanowires to the Au bonding pads preformed on the 
substrates. The length L of the nanowire channel between the metal contacts was ~800 nm for 
all samples used in this study. A SEM image of a Bi2Te3 nanowire device (Pt1) is shown in 
Fig. 1(d). The electrical conductance G of single nanowire devices was measured by using a 
four-probe standard lock-in technique, using a physical property measurement system from 
Quantum Design, which provides a high-field ( 9 T) and low-temperature (2 K) 
environment for device measurements. 
3. Results and discussion 
Figure 2(a) shows the differential MC (G  G(B)  G(0)) measured for the sample Pt2, 
with the magnetic field B applied parallel to the nanowire axis. It is apparent that conductance 
oscillations are superimposed on the slowly varying background MC drawn in solid curves, 
which is obtained by a fitting process. Each of the MC background curves consists of a 
polynomial and a Lorentzian, which has been used for convenience to simulate the 
conductance peak due to the WAL near B = 0 T. We note that the general shape of the MC 
background for |B| > 1 T does not change even when the magnetic field is applied 
perpendicular to the nanowire axis (Supplementary data Fig. S3). This suggests that the MC 
background is mainly determined by the magnetic field modulation of the electronic states in 
the nanowire bulk.[22]  
The background MC has been subtracted from the MC data, and the residues denoted by 
G are shown in Fig. 2(b). It is clear that the residual MC is mainly comprised of a periodic 
oscillation. Figure 2(c) shows the fast Fourier transform (FFT) amplitudes of G. A strong 
peak is observed at 1/B = 0.549 T
1
, which corresponds to the oscillation period of B = 1.82 
T. This oscillation period yields 54 nm as the diameter d, according to the relation for AB 
oscillations in a nanowire with a circular cross-section, (d/2)2B = 0. This value of d 
exactly matches the actual diameter of the conducting part of the nanowire deduced from the 
external diameter (64 nm) measured by using atomic force microscopy (AFM), and the oxide 
shell thickness (~5 nm) obtained from the HRTEM result (Fig. 1(c)). Besides the AB 
oscillations, the AltshulerAronovSpivak (AAS) oscillations with a period of h/2e,[29] 
caused by the weak localization effect around the circumference, are also expected in a 
phase-coherent cylindrical surface electron system in the diffusive limit. However, Fig. 2(c) 
does not show a significant Fourier component of periodicity h/2e. It has been demonstrated 
that the AAS oscillations in TSS of TI can be easily disrupted by weak perpendicular 
magnetic fields.[27] It is possible that the absence of the AAS oscillations in our sample is 
caused by a slight misalignment of the applied field direction. 
Figure 2(d) shows the AB oscillation amplitude (GAB) as a function of T. Evidently the 
temperature dependence does not follow the ~T
1/2
 relation,[29] which is attributed to thermal 
averaging in diffusive systems over energy scales larger than the correlation energy Ec, that is, 
for kBT >> Ec. Depending on the type of system, the correlation energy could correspond to 
either the mean difference between the energy levels in the system or the Thouless energy, a 
scale of energy difference required for dephasing during the diffusion time through the 
system. It is known that the amplitude of AB oscillations in (quasi-)ballistic 1D rings is 
influenced by phase breaking and thermal averaging, each of which exhibits distinct 
temperature dependence.[30] Phase breaking along the circumference reduces the amplitude 
as ~exp(Lp/L(T)), where L (~T
1
) is the length of dephasing by inelastic scattering.[23, 30] 
Notice that in Fig. 2(d) with a semilog scale, the GAB data points are almost linearly 
arranged, thus supporting the approximate relation L  T
1
.  
More accurate description of the thermal averaging effect can be obtained by the following 
equation,[27, 30] in which the zero-temperature conductance G is convoluted with the 
derivative of the Fermi distribution function f. 
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In its original context with a ring structure, G in the above equation is meant to reflect the 
different phase gain dependent on E along the electron paths. However, considering the 1D 
band model along the nanowire length, here G can be put alternatively as ~sin(2E/ + C(B)), 
where  = hvF/Lp is the inter-subband gap and C(B) is a phase factor from the magnetic flux 
threading the nanowire. This substitution reflects the periodicity in the 1D density of states 
(DOS) with respect to E and B, and results in the following relation for the AB oscillation 
amplitude,[27] GAB  (2
2
kBT/)/sinh(2
2
kBT/), reminiscent of that for the Shubnikovde 
Haas oscillations. Here, kB is the Boltzmann constant. The above factors describing the 
influences of phase breaking and thermal averaging on GAB are multiplicatively combined, 
and used for the fitting in Fig. 2(d). Using Lp = 170 nm and vF  3.710
5
 m/s for the TSS of 
Bi2Te3,[11, 21] we obtain L = 950 nm at T = 1 K. We note that L becomes shorter than Lp at 
T = 10 K, which explains the significant suppression of GAB at the temperature. 
Figure 2(e) shows the MC for another sample (Ni1) with Al/Ni contacts, measured at 2 K. 
G and its FFT amplitude have been obtained by using the same method as with sample Pt1, 
and clear AB oscillations are again observed after subtracting the background (Fig. 2(f)). The 
period of the AB oscillations for this sample is 2.3 T (Fig. 2(g)), giving an inner diameter of 
48 nm. This value is also consistent with the nanowire height of 60 nm as measured by using 
AFM, given the oxide thickness of ~6 nm. A noticeable difference between Ni1 and Pt2 is 
that in the former sample, G exhibits a minimum at B = 0 T, while in the latter, G exhibits a 
maximum at zero field. It has been predicted[26, 31] that in a TI nanowire, the phase of the 
AB oscillations, i.e., whether the oscillations exhibit a conductance maximum or minimum at 
zero flux, is determined by the doping level or by the relative location of the Fermi level in 
the TI. Recent work by Hong et al.[27] has provided experimental evidence for the above 
prediction by reporting gate-modulation of the AB oscillation phase in Bi2Se3 nanowires. Our 
data clearly show the MC traces that exhibit both phases of the AB oscillations in the Bi2Te3 
nanowires, and support the interpretation of the AB oscillations as a DOS effect of the 1D 
subband.[27] In our case, the phase difference between Ni1 and Pt2 may be attributed to the 
differences between the nanowire diameters (leading to different inter-subband gaps) and the 
contact metals. 
To further investigate the characteristics of the Bi2Te3 nanowire TSS, the MC of Pt2 has 
been measured in perpendicular magnetic fields. The perpendicular field MC exhibits a WAL 
conductance peak near B = 0 T, which is stronger and narrower than the peak with the parallel 
field in Fig. 2(a). Comparison between the parallel and perpendicular field MC suggests that 
only ~20% of the conductance enhancement near zero field under perpendicular fields can be 
attributed to the nanowire TSS, ascribing the rest to the nanowire bulk with strong spinorbit 
coupling (Section 3, Supplementary data). Hence, extra care has been taken to extract the 
contribution of the TSS to WAL by using the two sets of the MC data. First, the AB 
oscillations were deducted from the parallel field MC. Then, the magnetic field value in the 
resultant MC data was scaled down by a factor of 3/4 (see Section 4 of Supplementary data 
for details). Finally, the rescaled MC, which presumably equals the WAL signal expected 
solely from the bulk electrons under perpendicular fields, was subtracted from the 
perpendicular field MC. The result of the above procedure, as shown in Fig. 3(a), can be 
regarded as the WAL signal from the TSS. 
For a WAL analysis of the MC data, we have used the quasi-1D localization formula 
presented by Cha et al.,[17] neglecting the spinspin scattering term by magnetic impurities. 
The 1D localization formula describing the quantum correction G to the conductance is as 
follows:  
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where  is the reduced Planck constant, and W is the nanowire channel diameter. Ai is the 
Airy function, and Ai is its derivative. Here, C is a numerical factor determined from 
algebraic calculations,[32] which is set to 2/9 instead of the usual value of 1/3, to adapt to the 
cylindrical geometry of the nanowire in our case (Section 4 of Supplementary data). The 
fitting parameters L, LN, and Lso are the phase coherence length, the Nyquist length,[33-34] 
and the spinorbit scattering length, respectively. Here, L reflects only the contributions 
from phase breaking mechanisms other than the Nyquist dephasing, which is caused by 
electronelectron interaction with small energy transfer (electric field fluctuations) and thus 
can be dominant in low-dimensional systems. From the curve fitting in Fig. 3, the following 
characteristic lengths were obtained for Pt2 at 2 K: L = 460 nm, LN = 104 nm, and Lso = 105 
nm. Figure 3(b) shows that LN decreases with increasing T as ~ T
0.3
, which conforms to the 
relation LN ~ T
1/3
 theoretically expected for 1D systems[33, 35] and experimentally observed 
for similar TI nanowires.[17-18] L also decreases with increasing T as ~ T
1
, in accordance 
with the analysis result of the AB oscillation amplitude given above.  
Because the Nyquist length is a length scale by which the electron coherence is limited 
owing to the electric field fluctuations, it is subject to external factors such as electromagnetic 
noise[33] from the experimental setup. Therefore, we focus on the temperature dependence of 
L. Unlike some earlier reports on the AB oscillations in TI nanoribbons that showed GAB ~ 
T
1/2
,[20-21] our results indicate that GAB ~ exp(Lp/L(T)) and L  T
1
, with the inelastic 
dephasing time  inversely proportional to L as in ballistic systems. This temperature 
dependence implies that the TSS in our sample is in the quasi-ballistic regime[23] along the 
circumferential direction. Such temperature dependence of L has been reported in various 
mesoscopic systems[23, 30, 36-37] and attributed to the coupling to the environmental charge 
fluctuations.[38] This suggests that there can be room for enhancement of L, possibly 
through control of nanowire doping or by modification of the device structure. Incidentally, 
with the quasi-ballisticity in mind, it is natural to question the applicability of the 1D 
localization theory. It is known that ballistic motion of electrons cause the flux cancellation 
effect, which reduces the effect of magnetic fields on weak localization/antilocalization.[39] 
Considering the functional form of Eq. (3), it is likely that LN is underestimated and Lso is 
overestimated by the fitting. As a result, the actual spinorbit coupling strength in the TSS 
can be stronger than what is deduced from Fig. 3(b). 
4. Conclusion 
Synthesis of semiconducting nanowires by electrochemical deposition has its advantages 
compared with other methods such as chemical vapor deposition. Although it may not be 
easy to achieve a high level of chemical purity and structural/stoichiometric perfection by 
using electrochemical deposition, the synthesis can be performed with exceedingly high 
throughput and relatively low installation costs by using the method. In particular, the method 
offers an almost perfect control of the nanowire size enabled by the choice of template. Our 
results show that the electrochemically synthesized and diameter-controlled Bi2Te3 nanowires 
are capable of highly coherent electrical conduction through the TSS, which constitutes the 
potential of TIs for future spintronics and quantum computing applications. 
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Figure Captions 
Figure 1. (a) A top-view scanning electron microscopy (SEM) image of Bi2Te3 nanowires 
grown in an AAO template. (b) A side-view SEM image of the Bi2Te3 nanowires of a larger 
mean diameter, taken after removal of the AAO template. (c) An HRTEM image and a SAED 
pattern (inset) obtained from a Bi2Te3 nanowire. A ~5-nm-thick oxide shell is visible on the 
surface. (d) An SEM image of a Bi2Te3 nanowire device (Pt1) with four-probe Pt contacts. 
The channel length is 800 nm.  
 
Figure 2. (a) The MC data (symbols) for the sample Pt2 under axial magnetic fields, at four 
different temperatures, ranging from 2 K to 10 K. Each MC background (solid curves) 
consists of a Lorentzian and a polynomial centered at B = 0 T. (b) Residual MC (G) obtained 
by subtracting the background MC from the MC data. Periodic oscillations of G are clearly 
observed. The black curves are the fitting results by the cosine function. The curves are offset 
vertically for visual clarity. (c) FFT amplitude spectra of G with different temperatures. (d) 
Temperature dependence of the AB oscillation amplitude GAB. The solid curve is the result 
of the fitting discussed in the main text, and the dotted curve is drawn for comparison with 
~T
1/2
 dependence. (e) MC data from another sample (Ni1) with a smaller diameter. (f) 
Residual MC (G) for Ni1. (g) FFT amplitude spectrum for Ni1. AB oscillations for Ni1 
exhibit a phase opposite to that for Pt2.  
 
Figure 3. (a) The perpendicular field MC data processed to include only the contribution 
from the surface channel of the sample Pt2. The solid curves are the results of the WAL 
fitting using the 1D localization formula of Eq. (3). The curves are offset vertically for visual 
clarity. (b) The phase coherence length L, the Nyquist length LN, and the spinorbit 
scattering length Lso, as functions of temperature obtained from the fitting in (a). Temperature 
dependence of L and LN is fitted with ~ T

. The exponent  is ~1 for L (black solid line) 
and ~0.3 for LN (red dashed line).  
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